Background: Nicotine is able to activate mitogenic signalling pathways, which promote cell growth or survival as well as increase chemoresistance of cancer cells. However, the underlying mechanisms are not fully understood.
Cigarette smoke, as a major environmental risk factor, affects the development of many human diseases, especially of cancer. There are more than 4000 compounds in cigarette smoke, most of which are biohazards or carcinogens (Brunnemann and Hoffmann, 1991; Hecht, 2002; Karnath, 2002; Burns, 2003) . Epidemiological studies provided a strong correlation between tobacco smoke and the development of human malignancies in various human organs, including the lung, breast, pancreas, or oesophagus (Manneckjee and Minna, 1990; Fuchs et al, 1996; Band et al, 2002; Pfeifer et al, 2002; Guo, et al, 2008) . As an addictive substance, nicotine not only functions in the central nervous system but also affects nonneuronal cells via binding to its receptor, resulting in the promotion of cell survival or enhancement of chemoresistance (Guo et al, 2008; Hirata et al, 2010; Singh et al, 2011; Kunigai et al, 2012) . Nicotine was demonstrated to be able to activate several intracellular, mitogenic signalling pathways and further promote cell growth, survival and angiogenesis (Heeschen et al, 2002; Arredondo et al, 2006; Dasgupta and Chellappan, 2006a; Wessler and Kirkpatrick, 2008) . Nicotine treatment affected XIAP and surviving, resulting in a negative impact on the chemosensitivity of human lung cancer A549 cells (Dasgupta et al, 2006b) . In nonsmall-cell lung cancer (NSCLC) or breast cancer cells, nicotine treatment stimulated Src and Raf signalling, resulting in Rb phosphorylation and subsequent cell cycle progression (Nakayama et al, 2002; Dasgupta et al, 2006c; Nishioka et al, 2011) . The expressions of various genes that are important in the regulation of cell migration and angiogenesis were altered in cultured cell lines, such as in lung, breast and pancreatic cancer cells following the treatment of nicotine (Manneckjee and Minna, 1990; Heeschen et al, 2003; Arredondo et al, 2006; Guo et al, 2008; Kunigai et al, 2012) . Nicotine was shown to stimulate the secretion of several growth factors, including EGF, TGF-a and PDGF, in non-neuronal cells (Rakowicz-Szulczynska et al, 1994; Mathur et al, 2000; Kolmakova and Chatterjee, 2005) . Moreover, the growth of nicotine-treated cancer cells was upregulated, in which EGFR and Src pathways were activated (Dasgupta et al, 2006c; Nishioka et al, 2011) . In this process, Akt functioned directly downstream of Src, leading to the increase of cell survival or of drug resistance (Jull et al, 2001; West et al, 2003; Dasgupta et al, 2006c; Nishioka et al, 2011) . It was also observed that the addition of nicotine activated b-arrestin/Src/Raf signalling for the development of human NSCLCs (Dasgupta et al, 2006c) . The importance of nicotine in pathological angiogenesis has been demonstrated through its enhancement of the formation of atherosclerotic plaques in tumour messes (Heeschen et al, 2001 (Heeschen et al, , 2003 (Heeschen et al, , 2006 .
Bcl-2 is a prosurvival factor. By regulating the membrane permeability of the mitochondria, Bcl-2 was shown to interfere with the release of the mitochondrial apoptotic factors (e.g., Bax or cytochrome c) to the cytosol, and thereby suppressed cell death process (Kluck et al, 1997; Kroemer, 1997; Rong and Distelhorst, 2008) . The expression level of Bcl-2 in patients with lung, head or neck cancer was upregulated after a heavy exposure to tobacco smoke (Gallo et al, 1995; Borner et al, 2002; Zereu et al, 2003; Assis et al, 2005) . Studies also showed that PKC in nicotine-treated cancer cells was able to stimulate Src, Akt or Bcl-2 and further antagonise apoptotic signals, suggesting that this prosurvival factor is one of the targets of nicotine in its promotion of cell survival or proliferation (Ruvolo et al, 1998; Assis et al, 2005; Resende and Adhikari, 2009; Nishioka et al, 2011) . Cisplatin is a common drug to treat lung cancer. The sensitivity of lung cancer to cisplatin appeared to be partially dependent on Bcl-2, which indicates the importance of this prosurvival factor in the determination of the outcome of the chemotherapy (Zangemeister-Wittke et al, 1998; Losert et al, 2007) .
The ubiquitin-mediated protein degradation is a key event in the regulation of various functions or activities of cells (Ciechanover, 1994; Hochstrasser, 1996; Weissman, 1997) . The ubiquitination was proven to timingly control the amount of the expression of proteins involved in the regulation of each critical cellular activity, such as cell cycle checkpoints, tumour surveillances, cellular or DNA damage repair and duration of intracellular signal transduction. In the process of ubiquitination, proteins are covalently bound to ubiquitin that is a polypeptide with 76 amino acids and ubiquitously expressed in cells (Ciechanover, 1994; Hochstrasser, 1996) . Keap1 is an adaptor protein and participates in Cul3-mediated degradation of Nrf2 during oxidative or radiation-induced stresses (Weissman, 1997; Cullinan et al, 2004; Zhang et al, 2004) . The degradation of Bcl-2 in TNF-a or staurosporine-stimulated cells was reported to be through the ubiquitination (Dimmeler et al, 1999; Breitschopf et al, 2000) . Upon stimulation, Bcl-2 was interacted with Keap1 and then rapidly degraded, leading to marked sensitisation of the cells to TNF-a-or staurosporine-induced apoptosis.
In this study, we investigated the effect of nicotine on the degradation of Bcl-2 in human or murine lung cancer cells. We identified that nicotine interfered with the association of Bcl-2 with Keap1 in cisplatin-treated cells, which attenuated the degradation process of this prosurvival factor. Characterisation of the signalling responsible for prolonging Bcl-2 degradation showed that nicotine might, by activating Akt, prolong the phosphorylation of Bcl-2, which delayed Bcl-2 degradation and desensitised cisplatin-treated lung cancer cells to apoptosis. Thus, the data suggested that the treatment of nicotine, by increasing Bcl-2 stability, rendered the lung cancer cells resistant to cisplatin.
MATERIALS AND METHODS
Cell lines and treatments. Human lung cancer H5800 cells were obtained from Dr Luo (Boston University School of Medicine, Boston, MA, USA), who originally purchased it from ATCC ((Manassas, VA, USA). LKR murine lung cells are a generous gift from Dr Jacks (MIT, Cambridge, MA, USA) and were also used by other groups Matsumura et al, 2010; Nishioka et al, 2010) . The lung cancer cells were cultured in DMEM medium containing 10% fetal calf serum. Nicotine, cisplatin and inhibitors were purchased from Sigma (St Louis, MO, USA). Nicotine was dissolved in 1 Â PBX and the concentration of 0.5 mM was used in previous studies (Nishioka et al, 2010 (Nishioka et al, , 2011 .
Short hairpin (sh) RNA for bcl-2 was introduced into a lentiviral vector (OriGene, Rockville, MD, USA) that contains the 19 bp target sequence for bcl-2 (5 0 -GTGGATGACTGAGTACCTG-3 0 ) (Wild-Bode et al, 2001; Kock et al, 2007) , or scrambled sequence. The lentiviral construct was transfected into 293T cells. Forty-eight hours later, the supernatant was collected and tittered by serial dilutions. The supernatant containing optimal concentration of the viral particles was used for the knockdown experiments. For Bcl-2 overexpression, wt-bcl-2 was constructed in the PCDNA vector and subsequently transfected into the cells.
Annexin V-FITC apoptosis detection assay. After treatments cells were prepared and stained with Annexin V-FITC Apoptosis Detection Kit I (BD Biosciences, San Jose, CA, USA) according to the manufacturer's instructions. Subsequently, 500 cells per treatment were counted for the positive staining cells.
Immunoprecipitation and immunoblotting analysis. After treatment, cell lysates were prepared and then separated by SDS-PAGE gels. Following the transfer, nitrocelluloses were incubated with the designated primary antibodies overnight in a cold room at 4 1C. Subsequently, bound primary antibodies were reacted with corresponding secondary antibodies for 2 h at room temperature and detected by chemiluminescence.
For immunoprecipitation, cell lysates were precipitated with an antibody first. The immunoprecipitates were then separated on a SDS-PAGE gel for immunoblotting.
For detecting protein degradation, cells were treated with cisplatin, nicotine or both. Subsequently, the cells were treated with cyclohexmide (CHX) and collected at various time points. After the preparation of cell lysates, immunoblotting was performed.
PCR and real-time PCR. Cells were treated with cisplatin, nicotine or both, and then exposed to actinomycin D for different time periods. Subsequently, total RNAs were extracted using RNease Mini Kit (Qiagen, Valencia, CA, USA) following the protocol provided by the manufacturer. One microgram of total RNA was reverse transcribed into the first-strand cDNA using cDNA Synthesis Kit (Promega, Madison, WI, USA). Primers for bcl-2 were designed as: 5 0 -CTGCGAAGAACCTTGTGTGA-3 0 (sense) and 5 0 -CCGCATGCTGGGGCCGTACA-3 0 (antisense). For real-time PCR (RT-PCR), QuantiTect SYBR Green RT-PCR Kit was used (Qiagen).
Statistical analysis. Three to five independent repeats were conducted in all experiments. Error bars represent these repeats. A Student's T-test was used and a P-value o0.05 was considered significant.
RESULTS
Nicotine exposure reduced cisplatin cytotoxicity in lung cancer cells. To explore the effect of nicotine exposure on apoptosis induced by anticancer drug cisplatin, human or murine lung cancer H5800, LKR cells were treated with cisplatin in the presence or absence of nicotine, and the induction of apoptosis was then analysed by Annexin V assay ( Figure 1A ). After the treatment of cisplatin for 24 h, only a few of the cancer cells were apoptotic (data not shown). Apoptosis became evident following 48 h of cisplatin treatment, in which more than 35% of the cancer cells were dead. The exposure of nicotine alone for 72 h had no role in cell viability. However, such prolonged nicotine treatment significantly attenuated the magnitude of cisplatin-mediated apoptosis to about two-fold reduction.
We previously reported that nicotine exposure desensitised cancer cells to apoptosis and Bcl-2 appeared responsible for the increase of cell survival. Therefore, the expression of Bcl-2 in H5800 and LKR cells was examined after the treatment of cisplatin for 24 h when the occurrence of apoptosis was not evident, of nicotine for 72 h or a combination treatment of both ( Figure 1B ). The level of Bcl-2 in cisplatin-treated cells was decreased in comparison with that of untreated cells. In nicotine-treated cells, the expression amount of Bcl-2 was increased to about 0.7-fold higher than that in the untreated controls, which was not further augmented by the cotreatment with cisplatin.
To further determine the role of Bcl-2 in cisplatin-induced cytotoxicity under the influence of nicotine, shRNA-bcl-2 or bcl-2 was introduced into the lung cancer cells. The shRNA, but not scRNA, efficiently knocked down Bcl-2 ( Figure 2A ). In bcl-2 transfectants, Bcl-2 protein was significantly overexpressed and the transfection of the vector alone had no role in the expression of this prosurvival factor ( Figure 2B ). Subsequently, the induction of apoptosis was analysed by Annexin V assay in the absence of bcl-2 ( Figure 2C ) or under the condition that bcl-2 was overexpressed ( Figure 2D ). About 40% of the cells became apoptotic after the treatment of cisplatin and the cotreatment with nicotine reduced the magnitude of the apoptotic process. The knockdown of bcl-2 by the shRNA increased the sensitivity of the cancer cells to cisplatin and the scRNA had no effect on the magnitude of cisplatin-induced cell death. In nicotine-treated cells, the introduction of the shRNA or scRNA did not have any influence on cell viability. Furthermore, after the overexpression of bcl-2, the lung cancer cells were more resistant to cisplatin, the magnitude of which was similar to that treated with cisplatin and nicotine. The data suggested that the negative influence of nicotine on the susceptibility of the lung cancer cells to cisplatin-induced cell death might be through Bcl-2.
Bcl-2 protein stability was affected in the cells treated with cisplatin or cotreated with nicotine. Bcl-2 is an important factor in the promotion of cell growth or survival. The block of cisplatinmediated apoptosis by nicotine appeared to involve Bcl-2 (Figure 2 ) and the expression level of this prosurvival factor was changed upon treatment ( Figure 1B) . It led us to explore how Bcl-2 expression was being regulated in our experimental setting. First, RT-PCR analysis was used to test whether nicotine treatment altered bcl-2 expression at the transcriptional level. The amount of bcl-2 transcripts was not changed following each treatment in comparison with the untreated controls (data not shown). Next, the stability of bcl-2 was examined after the treatment ( Figure 3A) . The level of bcl-2 expression in untreated cells was served as the control for each treatment. After treatment, actinomycin D was added to the cell cultures to block the process of the gene transcription, the mRNAs were isolated every 2 h for a total of 6 h and then analysed by RT-PCR for bcl-2 expression. The transcripts of bcl-2 in cisplatin-, nicotine-and cotreated cells, 2 h after actinomycin D treatment, were markedly decreased in a similar magnitude to the baseline. Afterwards, the expression of bcl-2 remained undetectable at 4 and 6 h. It suggested that the alteration of Bcl-2 expression observed here was not regulated at the transcriptional level. Subsequently, the protein stability of Bcl-2 was examined by protein pulse-chase analysis ( Figure 3B ). After adding CHX to block protein synthesis, cell lystates were extracted at various time points and subjected to immunoblotting. The degradation of Bcl-2 in cisplatin-treated H5800 and LKR cells was faster than that in untreated cells. Nicotine treatment alone appeared to have no significant effect on Bcl-2 stability. Interestingly, Bcl-2 became relatively stable in cisplatin-treated cells in the presence of nicotine. Thus, it appeared that the addition of nicotine over-rode the effect of cisplatin, and further prevented Bcl-2 from being degraded.
Interaction of Bcl-2 and Keap1 was interfered by nicotine in cisplatin-treated cells. Ubiquitination pathway has a crucial role in protein degradation. In this process, ubiquitins are covalently conjugated with lysine residues of targeted proteins. Studies suggested that Bcl-2 underwent ubiquitination before being degraded (Dimmeler et al, 1999; Niture and Jaiswal, 2011) . However, it was unclear if nicotine might affect the ubiquitination process and further targeted Bcl-2 degradation. Thus, the status of Bcl-2 ubiquitination in H5800 cells cotreated with cisplatin and nicotine was tested, by immunoprecipitation with anti-Bcl-2 antibody and immunoblotting with antiubiquitin antibody ( Figure 4A ). The addition of cisplatin rapidly triggered the ubiquitination of Bcl-2, which was suppressed by adding MG132 (an ubiquitination inhibitor). Cotreatment with nicotine also significantly attenuated Bcl-2 ubiquitination process. The reciprocal experiment was also performed using antiubiquitin antibody for immunoprecipitation and anti-Bcl-2 antibody for immunoblotting ( Figure 4B) ; a similar result was obtained. The effect of nicotine exposure on Bcl-2 ubiquitination in LKR cells was also examined in the same experimental set-up and similar results were also obtained (data not shown).
Keap1, as an adaptor protein for Cul3-dependent protein ubiquitination, was shown to interact with Bcl-2 via its DGR (the C-terminal Kelch) domain, and further promote Bcl-2 ubiquitination and degradation (Niture and Jaiswal, 2011) . Accordingly, the ) for 24 h or a combination of both. Subsequently, cell lysates were prepared and subjected to immunoblotting for Bcl-2 expression. The blots were reprobed with anti-b-actin antibody to determine equal loading of total proteins per lane. association of Bcl-2 and Keap1 in our experimental set-up was tested ( Figure 4C) . A moderate amount of the binding of these two proteins was detected in untreated H5800 or LKR cells. The association of Bcl-2 and Keap1 was markedly augmented following cisplatin treatment. However, cotreatment with nicotine suppressed the interaction of these two molecules. Next, immumoblotting was conducted to test if the expression level of Keap1 in untreated or treated H5800 or LKR cells was altered ( Figure 4D) . A similar amount of Keap1 was detected in treated or untreated H5800 and LKR cells. The data indicated that cisplatin, by affecting the Keap1-mediated ubiquitination, accelerated Bcl-2 degradation, and this process was interfered by nicotine. Following the transfection of wt-bcl-2 or vector into H5800 or LKR cells, lysates from the transfectants were prepared, and then subjected to immunoblotting for Bcl-2 expression. (C) Twenty-four hours after the introduction of shRNA-bcl-2 or scRNA-bcl-2, respectively, the cells were treated with cisplatin, nicotine or a combination of both for 48 h. Cell lysates were prepared and subjected to Annexin V assay. The error bars are s.d. from five independent experiments (n ¼ 5, Po0.05). (D) After the transfection of wt-bcl-2, the transfectants were treated as indicated. Subsequently, Annexin V assay was performed. The error bars are s.d. from five independent experiments (n ¼ 5, Po0.05). Nicotine treatment prolonged Bcl-2 phosphorylation. Protein phosphorylation and dephosphorylation are often required before undergoing ubiquitination-dependent degradation. The dephosphorylation of Bcl-2 was shown to be a necessary step for its ubiquitination (Dimmeler et al, 1999) . On the basis of this information, the phosphorylation status of Bcl-2 in treated or untreated H5800 ( Figure 5A ) and LKR ( Figure 5B ) cells was analysed. This prosurvival factor was not phosphorylated in the cells after 2 or 12 h of cisplatin treatment. Bcl-2 phosphorylation was slightly detected in the cells treated with nicotine for 2 h, the level of which was increased at 12 h after the treatment. However, the kinetics of Bcl-2 phosphorylation were very different in the cotreated cells. A high amount of Bcl-2 was phosphorylated 2 h after the cotreatment of cisplatin and nicotine, which was significantly decreased at 12 h of the treatment.
We reported that Akt functioned downstream of nicotine receptor (nAChR) and was responsible for the upregulation of Bcl-2. To test if Akt acted on Bcl-2 phosphorylation, and was responsible for nicotine-mediated increase of Bcl-2 stability, various kinase inhibitors were added to H5800 or LKR cell cultures, before the cotreatment of nicotine and cisplatin. Subsequently, Bcl-2 phosphorylation was examined by immunoblotting ( Figure 6A ). Two hours after treatment with PD98059 (an inhibitor of MAPK/ERK pathway) or JNK inhibitor, the phosphorylation form of Bcl-2 was still present in the cotreated cells. In comparison, the phosphorylated form of Bcl-2 was absent after the addition of KP372-1 (an Akt inhibitor). Immunoblotting was also performed to test if the addition of these inhibitors alone would have any influence on Bcl-2 phosphorylation. The treatment of PD98059, JNK inhibitor or KP372-1 alone had no role in Bcl-2 phosphorylation. To further link the signalling axis of nicotine, Akt and Bcl-2 to antagonise cisplatin-mediated apoptosis, Annexin V assay was conducted ( Figure 6B ). More than 40% of H5800 or LKR cells underwent apoptosis after cisplatin treatment, the magnitude of which was attenuated by the cotreatment with nicotine. The addition of PK372-1, but not of PD98059 or JNK inhibitor, abolished nicotine-mediated prosurvival activity and resensitised the cotreated cells to apoptosis. Taken together, the results suggested that nicotine, by activating Akt, prevented Bcl-2 to be dephosphorylated and thereby enhanced the resistance of the lung cancer cells to cisplatin treatment.
DISCUSSION
It is estimated that more than 5 million mortalities annually worldwide in human beings are related to cigarette smoke (Brunnemann and Hoffmann, 1991; Karnath, 2002; Burns, 2003) . Emerging evidence from epidemiological or biomedical investigations indicates that the carcinogens in cigarette smoke attack the integrity of the genome and promote cell survival activities for tumourigenesis (Brunnemann and Hoffmann, 1991; Hecht, 2002; Karnath, 2002; Burns, 2003) . Nicotine, as a major component of cigarette smoke, was shown to influence directly cell growthrelated activities in non-neuronal cells via the ligation with its receptor. nAChR not only exists in neurons and neuromuscular junctions but is also present in various non-neuronal organs, tissues or cells ( After the treatment at different time points, cell lysates from H5800 (A) or LKR (B) were prepared and then subjected to immunoblotting with the anti-phosphor-Bcl-2 antibody. Afterwards, the blots were reprobed with anti-Bcl-2 antibody for the determination of equal loading per lane. Singh et al, 2011) . The engagement of nAChR has been shown to accelerate cell growth as well as to enhance drug resistance (Dasgupta and Chellappan, 2006a; Dasgupta et al, 2006b; Wessler and Kirkpatrick, 2008; Resende and Adhikari, 2009) . Studies demonstrated that cigarette smoking or nicotine treatment, by upregulating Bcl-2, decreased the susceptibility of cancer cells to apoptosis or augmented the resistance of cancer cells to chemotherapies (Zangemeister-Wittke et al, 1998; Losert et al, 2007; Resende and Adhikari, 2009 ). However, the underlying mechanisms by which nicotine targets Bcl-2 for the establishment of chemoresistance remained enigma. In this study, we demonstrated that the engagement of nicotine in human and murine lung cancer cells might, by activating Akt, cause the prolonged phosphorylation of Bcl-2. Therefore, Bcl-2 was unable to associate with Keap1 in cisplatin-treated lung cancer cells, leading to a significant delay of Bcl-2 ubiquitination and degradation. As a result, the susceptibility of the lung cancer cells to cisplatinmediated cytotoxicity was markedly reduced. Collectively, the data indicated the importance of Akt and Bcl-2 signalling, governed by nicotine, in the establishment of cisplatin resistance in lung cancer cells and identified these signalling molecules as potential targets for improving the efficacy of cisplatin-related chemotherapies. Nicotine is commonly used for the cessation of cigarette smoking or relief of chronic pain. However, many studies demonstrated that this major cigarette smoke compound could facilitate tumourigenesis in various human organs or cells. Upon nicotine exposure, mitogenic-related signalling pathways (such as Akt) were activated and antiapoptotic factors (such as Bcl-2) were upregulated (Mai et al, 2003; Dasgupta et al, 2006c; Nishioka et al, 2011) . Apoptotic stimuli were shown to regulate Bcl-2 stability via affecting the ubiquitination-dependent protein degradation (Dimmeler et al, 1999; Niture and Jaiswal, 2011) . Keap1 is an adaptor for Cul3/Rbx1-mediated degradation of Nrf2 (Zhang et al, 2004; Niture and Jaiswal, 2011) . The C terminus of Keap1 is critical for its binding to Nrf2 (Wakabayashi et al, 2004; Eggler et al, 2005; Niture et al, 2009) . Upon association, Nrf2 underwent ubiquitination and further degradation during oxidation-or radiationinduced stresses. It has also been shown that Keap1 used the same domain to interact with Bcl-2 and further activated Cul3/Rbx1-dependent degradation (Niture and Jaiswal, 2011) . The present study demonstrated that nicotine interfered with the binding of Bcl-2 to Keap1 in cisplatin-treated cancer cells, resulting in the suppression of the process of ubiquitination and further increasing the stability of Bcl-2. Thus, the association of these two molecules appears as a potential target of nicotine for antagonising the efficacy of cisplatin.
The protein modifications of Keap1 partner proteins are the important events in the regulation of their associations with Keap1 and subsequently ubiquitination and degradation (Weissman, 1997; Cullinan et al, 2004; Zhang et al, 2004) . In TNFa-induced apoptosis, MAPK/ERK1/2 signalling was suggested to be responsible for Bcl-2 activation (Dimmeler et al, 1999) . The treatment with MAPK inhibitor blocked Bcl-2 phosphorylation and subsequently triggered the degradation of this prosurvival factor. Consistently, our present study demonstrated that nicotine treatment delayed Bcl-2 phosphorylation, which probably prevented Bcl-2 from associating with Keap1. In addition, the magnitude of Bcl-2 phosphorylation became evident at the late time period of nicotine treatment, which did not prolong the pattern of its degradation (data not shown). It is possible that upon cisplatin treatment, nicotine specifically affects a particular residue of Bcl-2 that timely controls the process of ubiquitination. It is also conceivable that the existence of a phosphatase can be activated by cisplatin and negatively interfered by nicotine. The investigation of identifying Bcl-2 phosphorylation site and the involvement of other factor(s) in the regulation of Bcl-2 degradation is under way.
Nicotine is not a conventional carcinogen, but was able to induce the secretion of growth factors, resulting in the activation of Raf, Akt or PKC pathways to promote the growth of various epithelial or cancer cells (Rakowicz-Szulczynska et al, 1994; Mathur et al, 2000; Kolmakova and Chatterjee, 2005) . Upon nAChR ligation, Src tyrosine kinase was activated and acted as a key regulator linking nAChR signalling to several mitogenicrelated kinase pathways, such as Akt and ERK1/2 (Dasgupta et al, 2006c; Nishioka et al, 2011) . We previously demonstrated that Akt acted downstream of nAChR/Src for the upregulation of Bcl-2, which accounted for nicotine-mediated antiapoptotic activity (Nishioka et al, 2010) . In this study, we further demonstrated the possible underlying mechanism by which nicotine activates Akt that is responsible for the attenuation of Bcl-2 being dephosphorylated in cisplatin-treated cells. As a result, Bcl-2 was unable to bind to Keap1, which prevented it from being ubiquitinated and further degraded.
It is known that cisplatin resistance is established through different mechanisms, such as changes in the drug uptake, efflux, detoxification or response to drug-induced stress. It has been shown that aberrant activity of protein kinases had a pivotal role in the establishment of the resistance to anticancer drugs in human small-cell lung cancer cells (Biswas et al, 2004; Niture et al, 2009 ). Bcl-2 was suggested to be involved in regulating drug sensitivity or acquiring chemoresistance in cancer cells (Ruvolo et al, 1998; Biswas et al, 2004) . The study also showed that the sensitivity of cancer cells to cisplatin was closely related to the activation or phosphorylation status of Bcl-2 (Ruvolo et al, 1998; Mai et al, 2003; Biswas et al, 2004) . Our current study again proved the influence of nicotine on mitogenic signalling and Bcl-2 activation, which rendered lung cancer cells resistant to cisplatin.
In summary, the results presented here identified a novel nicotine-mediated prosurvival pathway that involves the attenuation of Bcl-2 ubiquitination and further degradation in cisplatintreated lung cancer cells. In this process, nicotine appeared to prolong Bcl-2 phosphorylation status, probably via activating Akt. Thus, Bcl-2 was unable to interact with Keap1 and to be quickly degraded. As lung cancer is closely related to cigarette smoke and the patients often use nicotine for their needs of smoking or pain relief, the current study not only demonstrated the link between nicotine and the cisplatin resistance but also provided the information for making better clinical regimen.
